Synchrotron-based measurement of the impact of thermal cycling on the evolution of stresses in Cu through-silicon vias INTRODUCTION Electronic devices are commonly subjected to temperature fluctuations during their operational lifetime. This incessant thermal cycling leads to thermal fatigue and subsequent failure of these devices. 1 Thermal fatigue results from the formation and growth of defects, such as cracks and voids, which arise from the continuous generation of reversal stresses caused by cyclic temperature loading. These stresses originate from the mismatch in the thermo-mechanical properties of the multi-materials of construction.
With the emergence of three-dimensional stacked integrated circuits (3D-SIC), as the microchip of the future, the concern for stress-related failures due to thermal fatigue has increased. This is because the vertical electrical connections through the stacked chips are achieved with copper interconnects, called through-silicon via (TSV), which are fabricated through the active silicon. Unfortunately, the large mismatch in the coefficients of thermal expansion (CTE) of copper (17 Â 10 À6 / C) and silicon (2.3 Â 10 À6 / C) leads to the generation of significant stresses. 2 In order to understand and minimize thermal fatigue concerns in Cu TSV interconnects, a number of published studies have assessed the impact of thermal cycling on their reliability performance. [3] [4] [5] [6] [7] [8] These studies focused on understanding how thermal cycling affected the electrical and electromagnetic characteristics of Cu TSVs, as well as its impact on damage formation and propagation. However, no published study has experimentally related the underlying root cause of the changes in the Cu TSV, i.e., the buildup of stresses, with the extent of thermal cycling. Since stress generation is the root cause of thermal fatigue, accurate stress characterization in Cu TSV interconnects is fundamental for the reduction of failures in 3D-SICs chips.
In previous reports, we developed and demonstrated a measurement procedure for the in-situ determination of the depth-dependent full strain/stress tensor in Cu TSVs using synchrotron-based X-ray micro-diffraction, [9] [10] [11] which requires no additional sample preparation that may alter the measurand. [12] [13] [14] In this study, we leverage this technique to investigate the effect of thermal cycling on the evolution of stresses in Cu TSVs.
EXPERIMENT Sample
For this study, SEMATECH 15 built two-level stacked dies were used, and the details of fabrication are reported elsewhere. 16 The top die contained a daisy chain of 60 TSVs, with a pitch of 16 lm. Each TSV has a diameter and depth of about 5 lm and 50 lm, respectively. The details of the thermal history of the samples prior to their use for this experiment are presented in Table I .
The samples were stored at room temperature (RT) for more than nine months before being used for this experiment. For this work, two dies from the same Cu TSV wafer were studied; one sample only underwent fabrication-related thermal treatment (see Table I ), and is called the "asreceived" sample. The other sample, in addition to fabrication related heat treatment, was subjected to 1000 thermal cycles. Each thermal cycle involved reversal heating and cooling between minimum and maximum temperatures of 30 C and 150 C, respectively. A cycle was completed in about 6 min, and only one Cu TSV was measured for each test condition. Fig. 1 is an illustrative cross-sectional image of the stacked die used in this study; it is meant to show the details of the structure and the geometry of the stacked dies. The x-ray measurements were performed on only the top die that contained the TSVs.
X-ray micro-diffraction experiment
These synchrotron-based experiments were performed using the X-ray micro-diffraction instrument on sector 34-ID E at the Advanced Photon Source (APS), Argonne National Laboratory. In this work, three area detectors surrounded the intersection of the horizontal X-ray beam with the sample (see Fig. 2 ). The central detector (detector 1) was perpendicular to the vertical direction, while the other two detectors (detector 2 and detector 3) were inclined at 45
, each at the opposite sides of the central detector, thus maximizing the angular range of the detected diffracted beams. This arrangement minimizes measurement uncertainties for the extracted full strain and stress tensors from the Cu TSV. Depth resolution along the beam direction was made possible by the use of a platinum wire based depth profiler. A total of 11 measurements were performed along the length of the Cu TSV, at a translation step interval of 5 lm. The beam size was about 0.5 lm by 0.5 lm, with a depth resolution of about 1 lm. Both monochromatic and polychromatic X-rays were used to scan the Cu TSV.
From these X-ray micro-diffraction experiments, we obtain depth and detector dependent data, such as the matching reflection indices, coordinates of diffraction peaks on the detectors, and their uncertainties. These allow determination of local lattice parameters, crystallographic orientation, and uncertainties. Fig. 3 shows the energy-integrated diffraction peaks of the matching reflections and peak intensities (marked "X") from the three different detectors at a depth of 12.5 lm for the "as-received" Cu TSV. This information was used, in conjunction with the elastic constants and unstrained lattice parameter for Cu, to obtain the depth-dependent, full strain/stress tensors in the Cu TSV and the orientations of their grains.
Even though 11 measurements were performed along the Cu TSV for the two test conditions, only 7 and 10 measurements were reported for the "as-received" and the 1000 cycled samples, respectively. This is because the matching Laue reflections on the three different area detectors from the same sample volume at each unreported depth could not be unambiguously determined.
The full stress tensor results were initially computed in the coordinate system of the given crystal, then converted to the laboratory coordinate system using the reported Euler angles (u, h, w), and finally transformed to a coordinate system tied to the sample geometry. This was achieved by performing a 45 rotation about the X-axis, since the sample was inclined at 45
to the incident X-ray beam direction. 
The stress components, r 11 , r 22 , and r 33 are the normal stresses, where, r 11 and r 22 are the in-plane normal stresses and r 33 the out-of-plane normal stress. The other stress components in the matrix are the shear stresses. Due to symmetry, the stress tensor is reduced to only six stress components, since, r 12 ¼ r 21 , r 13 ¼ r 31 , r 23 ¼ r 32 .
It is worth noting that the depth along the Cu TSV of each measurement is only known within a 5 lm window, as the selected grain could be anywhere along the intersection of the incident X-ray beam with the selected Cu TSV. Thus, the mean depth is used for all reported measurement results. For instance, the measurement done between 5 lm and 10 lm is assumed to be measured at a depth of 7.5 lm.
A detailed description of the measurement procedure used in this study was reported elsewhere in Refs. [12] [13] [14] .
RESULTS

Normal stresses
Fig . 4 shows the depth-dependent normal stresses in the "as-received" sample. The uncertainties overlap at each depth, demonstrating the normal stress state is largely hydrostatic. Note that the hydrostatic stress is defined as the average of the r 11 , r 22 , and r 33 . While the top region of the Cu TSV was in compression, with an average value of (À33 6 44) MPa, a maximum hydrostatic stress of (38 6 91) MPa was measured at the bottom of the Cu TSV. The normal stresses fluctuated along the entire Cu TSV depth, with a mean absolute value of (16 6 44) MPa.
Fig. 5 presents the measured normal stresses for the 1000 thermal cycled Cu TSV sample, which were found to continuously fluctuate along the depth of the Cu TSV. With the exception of depths from 12.5 lm to 27.5 lm, the normal stresses in the cycled sample were largely hydrostatic, just as the "as-received" sample. The minimum hydrostatic stresses of (30 6 27) MPa (top) and (18 6 35) MPa (bottom) were found to occur at the ends of the Cu TSV, while the maximum normal stresses of (353 6 21) MPa were measured at FIG. 4 . The experimentally determined normal stresses for the "as-received" Cu TSV sample with respect to depth. The one standard deviation uncertainties result from uncertainties in the diffracted X-ray peak positions on the area detectors and uncertainties in the lattice spacing determination. the center of the Cu TSV. Thus, the normal stresses show an approximately "bow-like" profile. The mean hydrostatic stress, obtained by averaging the hydrostatic stresses from all the depths, was (123 6 37) MPa.
Shear stresses
The measured shear stresses (r 12 , r 13 , and r 23 ) of the "as-received" sample are presented in Fig. 6 . Their values were approximately constant and overlapping at the top region ( 17.5 lm) of the Cu TSV, with mean absolute shear stress value of %20 MPa. However, for depths !22.5 lm, a large fluctuation and discrepancy in the values of the different shear stresses was measured, with values much higher than that measured at the top region of the Cu TSV. For instance, a maximum shear stress value of (73 6 19) MPa was measured at the depth of 32.5 lm. The mean absolute shear stress along the entire length of the "as-received" sample is (28 6 20) MPa.
The measured shear stresses in the 1000 cycled Cu TSV sample are presented in Fig. 7 . The values of the three different shear stresses overlap at the top region ( 17.5 lm) of the Cu TSV, similar to the "as-received" sample (Fig. 6) . However, the values of the shear stresses in the 1000 cycled sample are much larger than the "as-received," especially at the central region of the Cu TSV, where the maximum shear stress of (À118 6 18) MPa was measured at 22.5 lm depth. The mean absolute shear stress along the entire length of the 1000 cycled sample is %34 MPa.
Grain orientation
As discussed previously, the crystallographic orientation of each grain was determined, allowing us to calculate the crystallographic axis that is parallel to the TSV axis. Since these axes are typically low symmetry directions, Table II shows the nearest high symmetry axis for all measured depths in both Cu TSV samples. For both test conditions, the orientations of the grains were found to be dissimilar across the depth of the TSV with the exception of the 2.5 lm and 7.5 lm depths for the "as-received" Cu TSV. The diffraction data from these two depths came from distinct dislocation cell interiors at widely separated locations within a single grain that was much greater than 5 lm across.
DISCUSSION
The significant fluctuations in the measured stresses (Figs. 4-7) with Cu TSV depth, for both the "as-received" and the 1000 cycled samples are attributed to the anisotropy of the Cu, as confirmed by Table II . In this table, the grain orientations for both test conditions were found to vary with depth, with the exception of the top region ( 7.5 lm) of the "as-received" sample. Since numerous material properties of metals are dependent on grain orientation, they are expected to significantly influence the measured stress values.
From Figs. 4 and 5, it was observed that independent of the thermal cycling condition, for majority of the depths, the normal stresses were roughly equal, indicating that the Cu TSVs were largely in a hydrostatic stress state. Additionally, the minimum normal stresses were observed to occur at the FIG. 6 . The experimentally determined shear stresses for the "as-received" Cu TSV sample with respect to depth. The one standard deviation uncertainties result from uncertainties in the diffracted X-ray peak positions on the area detectors and uncertainties in the lattice spacing determination.
FIG. 7.
The experimentally determined normal stresses for the 1000 thermally cycled Cu TSV sample with respect to its depth. The one standard deviation uncertainties result from uncertainties in the diffracted X-ray peak positions on the area detectors and uncertainties in the lattice spacing determination. top region of the Cu TSV. For the 1000 cycled sample (Fig. 5) , the minimum normal stresses occur at both ends of the Cu TSV, with the maximum normal stresses occurring at the center of the Cu TSV, thus displaying an approximately "bow-like" stress profile. This stress profile is related to the varying constraint on the Cu TSV, where the ends which have less constraint witness lower stresses, and the Cu TSV center, being the most constrained region, witnesses the highest stresses. This approximately "bow-like" profile of the normal stresses is in agreement with FEM studies reported elsewhere. 4 The measured normal and shear stresses in the "asreceived" Cu TSV (Figs. 4 and 6 ) were found to be very low, with a mean hydrostatic stress and absolute shear stress of (16 6 44) MPa and (28 6 20) MPa, respectively, along the entire Cu TSV. These values are very low in comparison with all reported studies on Cu TSV stresses. 12, 13, 17, 18 The low stress values may be attributed to stress relaxation in the "asreceived" sample. Since the sample was measured more than nine months after its fabrication, the stresses in the Cu TSV are expected to decrease due to RT stress relaxation. [19] [20] [21] [22] [23] [24] RT stress relaxation may occur due to rate-controlled mechanisms, such as self-annealing (also called RT recrystallization) or the motion of dislocations. The former mechanism is governed by the nucleation and the growth of grains, [22] [23] [24] while the latter mechanism is governed by the motion of dislocation. [19] [20] [21] Here, RT stress relaxation is attributed to dislocation motion. This is because, during the fabrication process, the Cu TSV samples underwent thermal treatment involving temperatures up to 400 C (see Table I ), which is sufficient for achieving full grain growth and microstructural stability of Cu interconnects. This temperature is also the maximum temperature that the microelectronic chip will ever undergo during its lifetime. [24] [25] [26] [27] On the other hand, RT stress relaxation governed by self-annealing occurs in electroplated Cu when the structures receive minimal post-electroplating heat treatment.
In contrast, the normal stresses for the 1000 cycled sample (Fig. 5 ) were found to be much greater, with a maximum hydrostatic stress of (353 6 21) MPa in the central region and an average hydrostatic stress of (123 6 37) MPa along the entire length of the Cu TSV. This means that stresses in the 1000 cycled Cu TSV are approximately eight times greater than those in the "as-received" Cu TSV (Fig. 4) . This stress increase after 1000 thermal cycles was attributed to strain hardening. As depicted schematically in Fig. 8 , it is expected that thermal cycling will initially lead to an increase in stress in the Cu TSV due to the increase in dislocation density and their entanglement, leading to strain hardening. However, after a critical stress level is reached, continued thermal cycling will lead to the significant growth and the coalescing of defects, such as micro-cracks or microvoids. [28] [29] [30] [31] [32] Such defects are known to promote stress relief in metals, when they attain a critical size. This drop in the residual stresses is expected to become more pronounced as the cracks and voids in the structure increase with thermal cycling. This suggests that there are two competing mechanisms that influence the evolution of stresses with thermal cycling; strain-hardening and damage.
This proposition is further supported by measurements from our prior study, in which we performed failure analyses to determine the impact of thermal cycling on crack and void growth on dies from the same wafer as those used in this present study.
4 Fig. 9 illustrates the effect of thermal cycling on sidewall crack growth at the Cu -isolation liner interface of the TSV.
The data clearly show that the measured crack length at the Cu TSV sidewall remains statistically unchanged even after 1000 thermal cycles, however, the spread in the data increases after 2000 cycles. This is in agreement with our proposition that the measured increase in the stresses in the Cu TSVs after 1000 cycles is due to strain hardening, as no substantial growth in cracks was measured.
The measured change in the Cu TSV stresses with thermal cycling is anticipated to have an impact on the inservice performance of neighboring front-end-of-line (FEOL) devices, such as transistors. [33] [34] [35] This is because 3D stacked dies will be subjected to continuously fluctuating cyclic temperatures during their lifetime, leading to large changes in the Cu TSV stresses. This, in turn, will lead to changes in the performance of integrated FEOLs over their lifetime. While today's keep-out zone (KOZ) design rules are based on the static stresses in the TSV, mainly in the "asreceived" state, it may be necessary to account for stress evolution in Cu TSVs over their projected lifetime. Future studies are planned to identify the critical number of cycles at which stress evolution transitions from being strain-hardening controlled to being damage accumulation controlled.
CONCLUSION
In this study, synchrotron X-ray micro-diffraction measurements were used to study the impact of thermal cycling on the stress evolution in Cu TSVs. The full stress tensor in Cu TSVs was determined with respect to position along the Cu TSV. Two test conditions were studied: "as-received" (no thermal cycling) and 1000 cycled Cu TSVs.
The significant fluctuation of stresses along the Cu TSV for both the "as-received" and the 1000 cycled samples was attributed to the microstructural variations, notably the grain orientation.
The minimum normal stresses occurred at the ends of the Cu TSV, due to the limited constraint in this region. For the 1000 cycled sample, the profile of the normal stresses was found to be approximately "bow-like."
The stresses in the "as-received" sample were low, with a mean absolute hydrostatic stress value of (16 6 44) MPa. The low stress values were attributed to stress relaxation due to dislocation motion, resulting from their RT storage for nine months. The mean hydrostatic stresses along the entire Cu TSV in the 1000 cycled sample were found to be about eight times greater than those in the "as-received" sample. The increase in stress with thermal cycling is attributed to strain-hardening, which is caused by the increased dislocation density and dislocation entanglement.
Since the stresses in the surrounding silicon are induced by Cu TSV stresses, it is anticipated that the evolution of Cu TSV stresses with thermal cycling will lead to performance changes of surrounding FEOL devices over their lifetime. Thus, it is essential that implemented KOZ design rules should take into account the evolution of stresses in Cu TSVs over their projected lifetime.
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